A novel combination of simultaneous experimental techniques has been developed as a tool for the study of phase transitions in polymers. Based upon a small angle x-ray scattering ͑SAXS͒ synchrotron radiation beamline it has been shown to be feasible to collect, in addition to the time-resolved SAXS data, wide angle x-ray scattering and Raman spectroscopy data with a time resolution of a few seconds.
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I. INTRODUCTION
The study of structural development by means of time resolved small angle x-ray scattering ͑SAXS͒ and/or wide angle x-ray scattering ͑WAXS͒ has become a routine procedure at many synchrotron radiation ͑SR͒ laboratories. This has been enabled by the high intensity and good collimation of modern SR beamlines combined with relatively efficient electronics. The combination of techniques that can be performed simultaneously on a single sample offers a great opportunity to unequivocally obtain an accurate time correlation between the parameters derived from the different experiments. The combination of x-ray based techniques like SAXS and WAXS is a logical step which has been implemented in several laboratories. [1] [2] [3] However, in recent years the tendency to combine SR x-ray scattering with further complementary techniques has gained widespread popularity. The possibility to not only obtain structural information but also elucidate the thermodynamic behavior, by means of thermal analysis, 4, 5 has been shown to be particularly fruitful. Also the combination with light scattering, to elucidate large scale structures not accessible with x-rays in a timeresolved mode, 1 and Fourier transform infrared spectroscopy ͑FTIR͒ to monitor the chemical state of samples undergoing a chemical reaction, has been implemented. 6 Being able to implement the combination of SAXS, WAXS, and FTIR the logical next step in instrumentation is deemed to be the combination of x-ray scattering with Raman spectroscopy. This technique can provide complementary information to FTIR and in some cases even unique information. While FTIR is particularly useful in the study of polymers with polar groups in the side chain, Raman spectroscopy is a valuable tool to study the nonpolar groups and particularly the vibrations in the carbon chain of polymers. Experimentally, Raman spectroscopy also has some advantages. Fibre optics can be used for remote sampling and there are less restrictive conditions on light transmission. 7 To justify implementing complicated technique combinations on a single sample it is obvious that it should be advantageous with respect to performing these techniques independently on identical samples. Considerations here can be a limited availability of the sample ͑often the case in biological applications͒ and sensitivity to sample damage induced by one of the techniques ͑e.g., x-rays͒ or the desire to carry out these experiments with such a high time framing rate that the comparison between the different experimental results becomes difficult due to instrumental uncertainties such as temperature in a rapid temperature jump experiment.
Initial experiments to investigate the feasibility of these experiments were performed with a home built spectrometer. 8 It was shown that the experiments were feasible but the time resolution that could be achieved was too low to gain any advantages over performing these experiments independently. The replacement of this spectrometer with a new fast Raman spectrometer equipped with a fiber optic head has made it possible to increase the time resolution to approximately a frame every 2 s. a͒ Also at CCLRC Daresbury Laboratory, Warrington WA4 4AD, United Kingdom. b͒ Author to whom correspondence should be addressed.
II. EXPERIMENT
Experiments were carried out at the SAXS/WAXS station 8.2 at the SRS Daresbury Laboratory ͑UK͒. This beamline has been described extensively elsewhere 2 and we will only give a brief description here. Bending magnet radiation ͑5 mrad͒ from the SR source is focused by a cylindrical bent triangular Ge ͑111͒ crystal with an 11.5°Fankuchen cut, positioned so that a wavelength of 1.5 Å is selected, and a 70 cm long fused quartz mirror, into a spot of 3.0ϫ0.3 mm 2 (HϫV). A 3:1 demagnification of the source is achieved. The focal spot is placed on the optical bench between the SAXS and WAXS detectors ͑see Fig. 1͒ . The WAXS pattern is collected with a curved INEL detector 9 electronically set up to detect 60°, the SAXS pattern with a standard Daresbury quadrant detector. Scattering vectors (qϭ2/d) between 0.007ϽqϽ2.5 Å Ϫ1 can be observed. The dataacquisition electronics for the two detectors is driven by software enabling time-slicing and the generation of transistor-transistor logic ͑TTL͒ pulses which act as the timing signal for the electronics associated with the additional experiments 10 thus enabling accurate time correlations to be made.
A Kaiser Holoprobe 532 Raman spectrometer with a fiber optic probe consisting of a fibre for the laser light and one for the scattered radiation, to allow remote sampling was used to obtain the Raman spectrum. It utilizes a diode pumped frequency doubled Nd yttrium aluminum garnet laser with an excitation wavelength of 5320 Å. A holographic filter in the probe head is used to reject the unshifted laser light. The light is focused on the spectrograph using an aberration corrected lens with aperture f /1.8. The detector is a thermoelectrically cooled charge coupled device. To focus the light on the sample a microscope objective with 10ϫ magnification was used. Instead of a moving mirror system a holographic grating is used as the dispersive element thus enabling data to be obtained with a high time resolution. This spectrometer can collect data over a range from 50-4000 cm
Ϫ1
. Figure 1 shows a schematic diagram of the experimental equipment. For clarity the components have not been drawn to scale and the vacuum chamber used for the x-ray experiment is not shown. This vacuum chamber covers most of the x-ray path and is needed to avoid parasitic scatter and absorption of the x-rays. The sample is not held in vacuum but in a Linkam scientific differential scanning calorimeter ͑DSC͒ stage which allows free access to both the x-rays and the laser light. The distance from the sample to the ͑curved͒ WAXS detector is fixed but the sample-SAXS detector distance can be varied between 0.5-4 m.
III. RESULTS
It proved not to be possible to set up the Raman spectrometer in a master-slave combination with the SAXS/ WAXS electronic system since this would require an adaptation of the spectrometer software. This is no intrinsic limitation but for the test experiments described here the decision was made to start the spectrometer scan manually each time the station computer signaled the start of a new time frame. X-ray scattering data was collected in time frames of 1 min length. The estimated maximum error in the time correlation between the scattering and Raman experiment was on the order of 2%.
To investigate the performance of the system a sample of high density polyethylene was used. This material has been investigated extensively with both time resolved SAXS/ WAXS and Raman spectroscopy. [11] [12] [13] In Fig. 2 the results of a heating experiment on this material are shown. The data is represented as three-dimensional plots of the SAXS, WAXS, and Raman curves. The sample was heated with a fixed heating rate of 5°C/min from 80°C to 180°C. The diagonal axis in all three plots is the time/temperature axis. On the vertical axis in the SAXS data the value of I(q)q 2 is used. This is the commonly used Lorentz correction for lamellar systems. Both the Raman data as well as the WAXS data have an arbitrary z-axis scale. In Fig. 3 a combination of the results of all three techniques is shown. The value of the relative invariant, Qϭ͐ 0 ϱ I(q)q 2 dq, is given. The invariant is dominated by the intensity in the SAXS region of the x-ray spectrum. Extrapolations to q→0 and q→ϱ have been used to obtain the total values. The invariant is an important parameter which is a measure for structure formation. From the WAXS data a measure of the degree of crystallinity can be obtained by using the assumption that the integrated area under the crystalline peaks has a linear correlation with the degree of crystallinity. In this graph an integration over the 110 peak in the WAXS pattern is used. It is noteworthy that a two phase system an internal scale for the crystallinity can be constructed by using the maximum of the invariant as the point of 50% crystallinity ͑in volume͒. See for this Ref. 11 . The integrated value of a peak in the Raman spectrum (1246-1338 cm Ϫ1 ) is coplotted. This peak is very strong in the spectrum of solid polyethylene but in liquid polyethylene only a broad weak peak can be found ͑maximum 1303 cm Ϫ1 ͒ and is associated with the CH 2 vibration ͑gauche-transgauche conformation͒ in the amorphous phase of polyethylene. It should be remarked that any peak in the Raman data FIG. 1. Schematic description of the combined SAXS/WAXS/Raman experiment. For clarity the figure is not to scale and vacuum chambers and detectors have not been drawn. The SAXS detector is a standard Daresbury quadrant detector and the WAXS detector is a curved INEL detector with an opening angle which is electronically set to be 60°. The distance between the SAXS detector and the sample is variable and can be adjusted to the required q range that one wants to study.
could have been chosen depending on which chemical bond one wants to study in association with the structural parameters obtained from the x-ray scattering techniques. The slow decline in the intensity of the 110 reflection before the invariant reaches its maximum indicates that the sample were more than 50% crystalline from the onset. The decay of the 1303 cm Ϫ1 peak in the Raman spectrum is slower than the decay in the intensity of the 110 reflection in the WAXS spectrum, thus suggesting that the crystalline phase melts earlier than the amorphous phase.
Another example of the usefulness of this technique is shown in Fig. 4 . This concerns an experiment to elucidate some aspects of the ͑technologically important͒ processing of polymers using reactive solvents ͑monomers͒ which are polymerised in situ.
14 Upon polymerization liquid-liquid ͑L-L͒ and liquid-solid ͑L-S͒ phase separations can occur. In this example the behavior of polyethylene in styrene is shown. The experiment is performed at a constant temperature of 120°C. In the SAXS data evidence of the L-L phase separation can be observed by the development of a peak that occurs at qϷ0.01 Å Ϫ1 and which moves slowly towards lower q values. The second peak that occurs is due to the L-S phase transition. Both the L-L and L-S phase separation are accompanied by a strong change in optical density of the system. The reaction kinetics can be monitored by the decrease of the intensity of the peak at 1630 cm Ϫ1 which is part of the styrene spectrum and is related to the CvC bond and which opens up upon polymerization. For quantitative analysis a reference peak is needed for normalization. This can be found at 621 cm
Ϫ1
. The advantage of Raman spectroscopy over FTIR for this type of system now becomes clear. With FTIR the experiment would be impossible since it is sensitive to the optical density of the system and possible changes in peak height would be convoluted with changes in transparency of the sample.
The L-S solid phase transition ͑at Ϸ30 min after the onset of the experiment͒ can be observed in both the WAXS data, where peaks due to crystalline polyethylene occur, as well as in the Raman spectra where, in the spectral region of 1050-1150 cm
, two peaks appear originating from crystalline polyethylene appear together with a change in the intensity of the total spectrum.
Systematic errors can be introduced due to the fact that the x-ray scattering arises from the bulk of the sample while the Raman scattering probes the surface. However the use of the fiber optic head with the 10ϫ magnification lens also allowed optical access to the sample position even when using an online Linkam DSC. This instrument is designed to minimize thermal gradients in the sample. 4 By using this device it is possible to avoid the introduction of discrepancies due to thermal gradients. The possibility to obtain thermodynamic information from the DSC signal is an extra bonus.
IV. DISCUSSION
The simultaneous combination of SAXS, WAXS, and Raman spectroscopy has successfully been implemented. This combination of techniques have shown to be an extremely useful tool in the study of phase transitions in online polymer processing. This is a welcome addition to the previously developed combination of x-ray scattering and FTIR. The remote sampling of the Raman scattering by using a fiber optics mounted optical probe offers a large potential for the further application of this technique. The application of x-ray fiber diffraction techniques, combined with Raman spectroscopy, applied to polymers which are mechanically deformed, by for instance stretching or shear flow, is only one of the numerous examples. Although for all test experiments polymeric systems have been used this does not necessarily mean that the application is limited to such systems.
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